Changes in intra-and extracellular [Ca 2 +] and [H+], together with alterations in tissue P0 2 and local blood flow, were measured in areas CAl and CA3 of the hippocampus during recovery (up to 8 h) after an 8-min period of low-flow ischemia. Restoration of blood supply was followed by an immediate rise in flow and tissue P0 2 above normal, with large fluctuations in both persisting for up to 4 h. In area CAl' [Ca 2 +]j decreased rapidly from an ischemic mean value of 30 f-lM to a control mean level of 73.1 nM in 20-30 min, whereas normalization of [Ca 2 +]e took -1 h. Recovery of [Ca 2 +]j was accelerated by preischemic administration of a calcium antagonist, nifedipine, and a free radical scavenger, N-tert-butyl-a phenylnitrone (PBN), but not by MK -80 I, a blocker of N-methyl-D-aspartate receptors. There was a secondary rise in [Ca 2 +]j in many cells beginning -2 h after reper fusion. This was attenuated somewhat by PBN but not clearly influenced by either nifedipine or MK-80 1. Changes of [Ca 2 +]j in area CA3 were much smaller and
In our previous study (Silver and , we showed that a decrease in the tension of inspired oxygen (hypoxia) or a reduction in blood flow to the brain (ischemia) causes increases in [Ca 2 +]j in cerebral neurons in a number of sites from which recordings were made with intracellular microelectrodes. The magnitude of the rise was de pendent on the severity of insult and time of its duration, as well as on the region of the brain. The slightly slower than in area CAl and were not affected by the drugs mentioned above. In both areas CAl and CA3, pHe and pHj fell during ischemia to an average value of 6.2, from which there was a rapid initial recovery in the first 5-10 min when blood flow was restored. Thereafter tissue pH rose slowly and did not reach control levels for -1 h, and in some microareas not at all. It is concluded that (a) effective mechanisms for restoring normal [Ca 2 +]j remain intact after 8 min of low-flow ischemia; (b) in neu rons of area CAl' some insidious change in the homeo stasis of calcium triggers a secondary rise in its free cy tosolic concentration, which may be causally related to activation of irreversible cell damage; and (c) the changes in [Ca 2 +]j and [Ca 2 +]e during and following 8 min of isch emia can be adequately accounted for by movements of a fixed pool of Ca between intra-and extracellular compart ments, and possible mechanisms are discussed. Key Words: Brain-Calcium-Cerebral blood flow-Hippo campus-Ions-Ischemia-pH-Reperfusion.
largest changes and the greatest proportion of cells in which they occurred were observed in the hip pocampal area CAl' The increases in [Ca 2 +]i were unaffected by pretreatment of animals with calcium channel blocker, nifedipine, but were delayed and attenuated by administration of ketamine and MK-801, antagonists of excitatory amino acid transmit ters (Anis et aI., 1983; Thompson et aI., 1985; Wong et aI., 1986) .
In an extension of these studies, the present work was undertaken to examine the fate of calcium in hippocampal neurons of areas CAl and CA3 during a short-term (up to 8 h) recovery from an ischemic insult of 8-min duration. To gain a better under standing of the possible mechanisms involved in the ionic movements, changes in [Ca 2 +]j were recorded concurrently with those of blood flow, oxygen, [Ca 2 +]e' [H+L [H+] e' and membrane potential as well as brain electrical activity [electrocortico graphy (ECoG) ]. The measurements were made in the hippocampus for the following reasons: (a) Much of this part of the brain is especially suscep tible to O 2 deprivation, although the vulnerability is of a selective type: Whereas neurons in the CAl region suffer damage from brief periods of anoxia! ischemia, those in the adjacent CA3 area and the dentate gyrus are more resistant to such injury (Spielmeyer, 1925; Vogt and Vogt, 1936-37; Ito et aI., 1975; Kirino, 1982; Pulsinelli et aI., 1982; Petito and Pulsinelli et aI., 1984;  for review see Schmidt Kastner and Freund, 1991) . Hence, local alterations in [Ca 2 + L during the insult itself and recovery therefrom can be examined for evidence of correla tion with the extent of damage. (b) Damage to the hippocampus is of the "delayed" type. After brief periods of anoxia, 5-10 min, most neurons show signs of almost full morphologic recovery, but after 24-76 h, unknown events trigger as yet undefined mechanisms that lead to irreversible injury, and eventually death, of a substantial proportion of hip pocampal CAl cells (Ito et aI., 1975; Kirino, 1982; Pulsinelli et aI., 1982; Petito and Pulsinelli, 1984) . Thus, if calcium is involved in the late changes, its intracellular free concentration should rise at some point during recovery. ( c) The peculiar anatomical structure of the hippocampus and, in particular, the alignment of neuronal cell bodies greatly facilitate collection of data from relatively homogeneous populations of cells. (d) Responses of the hippo campus to oxygen deprivation have been studied extensively and provide a solid basis for interpreta tion of the results obtained in the present investiga tion.
MATERIALS AND METHODS
All measurements were performed on Sprague-Dawley rats of both sexes weighing 250-300 g. The experiments involved a total of 630 animals. The rats were anesthe tized by intraperitoneal injection of pentobarbitone so dium (60 mg/kg as a 6% solution in water; Abbott Labo ratories, Irving, TX, U.S.A.) together with atropine sul fate (0.3 mg/kg; Roche Products, Welwyn Garden City, Herts, U.K.). The body temperature was maintained con stant at 38°C with a thermostatically controlled heating pad.
Surgical preparation
The trachea was cannulated and connected to a small animal ventilator. Animals were prepared using a four vessel occlusion model as described previously (Silver and . Local analgesic (lignocaine 2% with epinephrine, Xylocaine; Astra Pharmaceuticals, U.K.) was infiltrated subcutaneously over the scalp and at the prospective pressure points of the head holder. The animal was fixed in a modified "Baltimore" stereotaxic head holder, positioned for use of stereotaxic coordi-J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 nates, and the brain was exposed by craniotomy. ECoG was recorded from stainless-steel miniature bone screws inserted into the frontal bones, and ECG activity was monitored continuously via subcutaneous needle elec trodes from left and right forelimbs. Blood pressure was measured through a cannula in the caudal artery con nected to a Gould-Statham P50 miniature blood pressure transducer. During intracellular measurements, the ani mals were given a muscle relaxant (pancuronium chloride 75 f,Lg/kg) and ventilated artificially with 30% O 2 and N 2 , and minimum tidal volume, adjusted to give an end-tidal Pco 2 of 4.6-5.26 kPa, was measured by an infrared CO 2 analyzer. An artificial pneumothorax was created and the body positioned to minimize respiratory movements in the brain. Periodic blood samples (0.1 ml) were taken from the caudal artery and blood gas analyses were per formed to check the end-tidal measurements. The level of anesthesia was monitored constantly with reference to EC oG, EC G, and blood pressure. Supplementary doses of anesthetic were given as required.
Ischemia was induced by simultaneous compression of both carotid arteries by ligatures after earlier bilateral oc clusion of the vertebral arteries by diathermy; blood flow to the brain was restored by release of the same ligatures. The rats remained anesthetized throughout the postisch emic recording period, during which monitoring of blood pressure, EC oG, heart rate, body temperature, and blood gas levels was maintained.
Access to the brain was gained via a 3.0-mm-diameter hole drilled 1.5-3 mm lateral and 0-2 mm caudal to the bregma point (depending on the region to be studied) and enclosed in a poly carbonate ring (ID 3 mm, OD 5 mm, depth 2.5 mm), which was fixed to the skull with dental acrylic to form a well that was flushed with warm (38°C) artificial CSF during recording. The dura was removed and the craniotomy sealed with warm 4% agar in artificial CSF. The agar was removed before intracellular elec trodes were inserted; a small C-shaped, Teflon-coated pressure foot (OD 3 mm, ID 2 mm) that minimized move ment due to cardiovascular and respiratory pulsation was applied to the brain surface with a micromanipUlator. The pia-arachnoid was perforated and electrodes inserted through the open center of the pressure foot.
Preparation for recording
In most experiments, a concentric microneedle O 2 elec trode was inserted into the brain through a second (2-mm diameter) hole in the left side of the skull, together with an extracellular ion-selective probe, and left in this posi tion throughout the experiment. These electrodes were placed at a predetermined site that corresponded to the expected region of intracellular recording on the right side. The reference barrel of this probe could be used to record extracellular action potentials from hippocampal cells when required. It also served as the floating ground reference for "true" measurement of cell membrane po tentials and enabled the direct current shifts that occurred during ischemia and reperfusion to be backed off auto matically. A ground reference electrode of sintered Ag/ AgCI was placed subcutaneously on the rat's head.
Blood flow and oxygen measurements
Changes in blood flow were followed by a modification of the local hydrogen generation and clearance method of Stosseck et al. (1974) using a concentric microelectrode consisting of a palladinized platinum needle detector (tip diameter 3 ILm) polarized at + 150 m V, surrounded by a platinized H 2 generator surface (diffusion gap 300 ILm). The method is a good indicator of the percentage changes in very local blood flow «2 mm 3 ) during ischemia and reperfusion, but it is not possible to calibrate it in quan titative terms in this type of experiment. It was therefore used as an indicator that the severe ischemic insult in tended had in fact been achieved. Tissue oxygenation was measured with glass-insulated platinum electrodes polarized at -700 m V. As with the blood flow measurement, the records of tissue oxygen ation were made to ensure that the ischemic insult was effective in reducing P0 2 to zero. Both types of polarographic electrodes (tip diameter 1.(}"5.0 ILm) served for intermittent extracellular record ing of action potentials from hippocampal neurons.
Because of limitations of space, it was not feasible to make polarographic records from both hippocampal areas CAl and CA3 simultaneously while at the same time ob taining intracellular records from individual neurons. In 17 experiments, therefore, to compare the microenviron mental conditions in the two areas, blood flow and tissue P0 2 changes were measured concurrently in CAl on one side of the brain and in CA3 on the other, while the ani mals were subjected to induction of and recovery from ischemia, using the same protocol as that followed when intracellular records were being made.
Intra-and extracellular ion-selective electrodes
All recordings were made with microelectrodes. Dou ble-barreled electrodes were used routinely; one barrel contained the ion sensor, and the other (filled with 3 M KCI) acted as a reference and recorded membrane poten tial. Triple-barreled electrodes were used in 30% of the readings, which enabled pH and calcium ion activity to be recorded together from a single cell. Because of the char acteristics of the pH sensor, the microgrinding of the tips of both types of probe was critical. For reliable record ings, it was essential that the chisel point was cut so that the "pH side" of the electrode was exposed as the prox imal, and therefore largest, elliptical opening. The details of the technology for fabrication and calibration of micro electrodes were the same as described by Silver and .
Calculations
All results were calculated from standard calibration curves constructed for the various cations as described by Silver and Erecinska, (1990) and are given as (free) ion concentrations. This assumes that ionic strength and hence activity coefficients in extra-and intracellular com partments are of comparable magnitudes.
Recording
The electrodes were connected via chlorided silver wires to a capacitance-compensated, high-impedance (> 1014 0) direct current amplifier, the output of which drove a storage oscilloscope, chart recorder, loud speaker, and BBC microcomputer via an A-to-D con verter. Intracellular records always included the mem brane potential (the voltage from the reference barrel measured against extracellular "floating ground" poten tial), which was subtracted electronically from the output of the ion-sensitive electrode.
Immediate readings of membrane potential and ion concentrations were made after cell penetration. Since this investigation was concerned with the responses of neurons to ischemia and reperfusion, if no spontaneous action potentials were observed after cell penetration, a 5-ms square pulse of 1.5 ILA was applied through the ref erence barrel and the behavior of the cell was noted. If there was no spike response, the stimulus was repeated twice at 15-s intervals before the cell was classified as "nonneuronal" and disregarded. In addition, membrane resistance was measured routinely by current injection through the reference barrel of the electrode.
In this series of experiments, recordings were made from > 1 ,500 cells. A minimum reading period of 30 s was required before a cell was regarded as a reliable source of data; but most neurons were recorded for at least 2-4 min. It was sometimes possible to retain a cell for 15-20 min and, very occasionally, for some hours.
Cell selection
Recordings from cells that are impaled "blind" should ideally be random and representative of the whole popu lation of the area under study. However, a number of factors tend to bias a selection in favor of particular types of cells. These are as follows: (a) Size. Large cells not only present a greater target for penetration, but are likely to be less easily damaged by electrodes than small ones. (b) Packing density. Cells closely packed together are more likely to be impaled than those occurring in isolation where they may be pushed aside by an electrode tip. (c) "Healthy cells" in good condition, especially those whose membranes are undamaged and whose ion pumps are active, will survive impalement more easily than com promised cells. (d) Anatomical position. Those cells lo cated nearest to relatively large blood vessels are most liable to movement and therefore to damage when im paled. The popUlation from which our records have been obtained is therefore likely to be biased in favor of large cells with minimal injury due to ischemia.
Identification of cell position
Reference barrels of electrodes were filled with elec trolyte containing a 10% solution of Procion yellow (M-4RS; ICI Organics), an anionic fluorescent marker dye. At the end of a successful recording, dye was injected iontophoretically into the site using 100-ms current pulses of 2 x 10 -8 A at 5 s -I for 30--6 0 s, to assist in identifi cation of the cell and to provide an estimate of any brain shrinkage or distortion during subsequent processing and reconstruction.
Identification of cell type
At the end of each experiment, an electrode was left at the final recording site, the animal was killed with an anesthetic overdose, and the brain was perfused through the carotid arteries with ice-cold 4% glutaraldehyde. The animal, in the headholder, was placed in a cold room at 4°C. After 12 h, the electrode was removed and the brain was extracted from the skull and placed in cold 4% glu taraldehyde for a further 48 h. It was then cut serially in a cryostat to give 40-lLm sections, which were stained with cresyl violet or toluidine blue. Recording positions were identified from stereotaxic coordinates, electrode tracks, and microscopic examination of fluorescent mark ers with ultraviolet excitation.
All test drugs were administered intraperitoneally 30 min before ischemia: nifedipine at a dose of 0.2-0.3 mg/ kg l , MK-801 (dizocilpine) at 1-10 mg/kg, and N-tert-butyl-a-phenylnitrone (PBN) at 100 mg/kg (Phillis and Clough-Helfman, 1990 ).
Statistical analysis
Data were treated by analysis of variance with post hoc t test. The level of statistical significance is specified in the tables and text.
RESULTS

Blood flow and brain oxygenation in postischemic period
When the blood supply to the ischemic brain was restored, there was typically a period of 3-7 min of hyperemia. Blood flow increased very rapidly in both CAl and CA3 regions during the first 5-20 s after release of carotid compression and by 2-3 min attained values at least 50% greater than in the preischemic control period. In most animals, the increase in flow was of the order of 170--190% of control values, and occasionally the flow doubled for a brief period. This increase in flow was accom panied by a parallel rise in tissue Po 2 , which in most regions studied attained between 120 and 170% of the preischemic control value. In some animals, there were areas in both CAl and CA3 in which neither blood flow nor oxygen tension rose substan tially in the initial recovery period. Such persistent low-flow regions were small and appeared to repre sent specific arteriolar-capillary units or groups of units associated with a small artery. Both the blood flow and the local P0 2 fluctuated in the postisch emic period and the fluctuations were much greater than during preischemic, control measurements (Fig. 1, bottom trace) .
Brain blood flow and P0 2 remained generally high (5-20% above preischemic levels) in the first 1-2 h 1000-
[Ca2+]i 10-8M ./ 10 -'-'IM---'r / of the postischemic phase, and the P0 2 oscillations of 15-20% about a mean value were at least twice as large as and with longer periodicity (4-6 min) ( Fig.  1 ) than those seen in normal brains (1-2 min). In 40% of animals, the P0 2 fell below control, and the oscillations became markedly damped �2 h after ischemia ended. In half of these individuals, such P0 2 changes were accompanied by periods of acti vation of the ECoG and spontaneous bursts of neu ronal firing. Even after 6 h of reperfusion, in 30% of rats, the brain had not regained its previous stability with respect to vasomotor control or oxygenation.
No obvious differences were observed in the blood flow changes and reoxygenation profiles be tween the hippocampal areas CAl and CA3 in the postischemic period. In those 17 animals in which parallel recordings were made simultaneously in both regions (see Materials and Methods), patterns of alteration in the two parameters recorded were indistinguishable.
Electrical activity reappeared sporadically after 7-12 min of reperfusion. Initially intermittent single action potentials or short bursts of firing (three to eight action potentials in 50--200 ms) were recorded extracellulary from individual cells, and there was "spindling" of the ECoG. By 20 min, the ECoG pattern was reestablished with periods of activation interspersed with typical barbiturate spindles. Sin gle-unit activity was very variable, with some cells showing almost continuous firing, some frequent trains of impulses, while others produced only in frequent single action potentials. By 40 min, most active neurons from which recordings were ob tained showed regular firing behavior, and ECoG had returned to its preischemic pattern of activity.
Simultaneous records from three microelectrodes in area CA1 of the hippocampus of an anesthe tized rat before, during, and after an ischemic episode lasting 8 min. The changes in blood flow during ischemia and reperfusion caused alterations in brain size, which made continuous intracellular recordings during the ending of ischemia very challenging. In spite of the difficulties, the results reported here for the first 10 min of the reperfusion were determined on cells penetrated before or during ischemia and main tained successfully throughout that interval. On the other hand, the majority of intracellular records from the later phase of the postischemic period (20-480 min) were obtained by penetration of new cells after those impaled earlier had been lost. In 8 cases of > 1 ,200, such as that illustrated in Fig. 1 , where recording conditions were especially favorable, it was possible to obtain data from the same cell for a prolonged period (4-6 h).
Changes in calcium. During experimental isch emia, blood flow in the hippocampus fell immedi ately by >80%, and O 2 tension as measured with platinum microelectrodes was indistinguishable from zero. Over a period of 8 min, the concentra tion of calcium in the extracellular space declined from a normoxic value of 1. 45 ± 0. 14 to 0. 59 ± 0.11 mM, while that inside cells rose to micromolar lev els ( Table 1 ). The mean [Ca 2 +]i was 30. 2 ± 11. 3 /J-M, with a range from � 18. 5 to 46 /J-M, and almost all neurons in hippocampal area CAl from which random recordings were made showed increased accumulation of the cation.
Restitution of blood flow was followed by swift movements of Ca 2 + in opposite directions. Within 10 min, the external level rose twofold, whereas that inside neurons declined by almost an order of magnitude (p < 0.001). Within 20 min, [Ca 2 +]e had risen to 1.36 mM, then slowly returned to the pre ischemic value of 1.45 mM after 2 h of reperfusion and remained steady throughout the subsequent 6 h. By contrast, [Ca 2 +]i reached the control, pre ischemic concentration of 60-100 oM after 20 min, continued at this level for the next hour or so, and then slowly rose to 300--400 oM in 50-60% of cells. This latter value falls outside the range encountered in hippocampal neurons of anesthetized control rats (mean 89.9 ± 24 oM, n = 113) and is statistically significant at the 0.001 % level (Table 1) .
Changes in [Ca 2 +] were also measured in hippo campi of animals pretreated with one of the follow ing drugs: an L-channel blocker, nifedipine, an an tagonist of excitatory amino acids, MK-801, and a free radical scavenger, PBN. Consistent with our previous data (Silver and , nifed ipine had no effect on the levels of internal calcium at the end of 8-min ischemia, whereas MK-801 af forded some protection (p < 0.05). PBN, not tested earlier, was without consequence for calcium up take during ischemia. However, all three drugs mar ginally influenced, albeit in different ways, post ischemic movements of the cation. Nifedipine en hanced the rate at which internal calcium concentrations were reduced in the majority of cells (p < 0. 05 at 10 and 20 min), whereas paradoxically MK-801 reduced the speed of restitution to the "normal" level (p < 0.05 at 20 min) in spite of much lower [Ca 2 +]i in treated animals at the end of the ischemic episode. In PBN-treated rats, the signifi cantly (p < 0. 05) faster rate of return to normal was due largely to 25% of the cell population that exhib ited a rapid rate of recovery, whereas the remainder of the cells behaved in a manner closely similar to the controls.
The effect of the drugs on the secondary postisch- 
All recordings were made with double-or triple-barrel ion-selective microelectrodes as given in Materials and Methods. The values are means ± SD for the number of recordings at each time point shown in parentheses. The extracellular measurements are from rats that had received no medication. The intracellular records are from animals pretreated with the compound shown. All values at lO-min recovery and later were statistically significant (p < 0.00 1) when compared with their respective 0 time values. PBN, N-tert-butyl-a phenylnitrone.
" Statistically significant (p < 0.05) when compared with control. b Statistically significant (p < 0.005) when compared with respective 60-min values.
emic increases in [Ca 2 +]i was difficult to evaluate because neurons with raised levels of cytosolic cal cium were seen in all groups after 4 and 8 h of reperfusion. The ranges of values (10-8 M) at 4 h were as follows: controls, nifedipine, PBN, and at 8 h: controls, nifedipine, PBN, . Statistical analysis of the data showed that only PBN treatment limited the later rises in [Ca 2 +t consistently (Table 1) .
Membrane electrical potential changes. At the end of 8-min ischemia, most hippocampal CAl neu rons were very substantially depolarized. The aver age voltage declined from a normoxic value of -65.8 ± 7.1 (n = 267) to -17.0 ± 9.3 mV ( Table 2) .
Immediately after restitution of blood flow, cells began to repolarize. Within 10 min of reperfusion, the average transmembrane electrical potential was -41.3 ± 18 mY. There were large cell-to-cell vari ations, with some values almost normal and others that were hardly altered from the ischemic level. In general, neurons with higher [Ca 2 +]i in the post ischemic phase, i.e. , those that were recovering at a slower rate, had less negative voltages. However, after �20 min of reperfusion, the majority of cells from which stable recordings were made had repo larized almost completely. By 120 min of reperfu sion, the average membrane potentials were slightly but not significantly lower than those in control, normoxic animals, although the range was greater ( Table 2) .
Pretreatment with nifedipine, MK-801, or PBN had no apparent effect on ischemic depolarization. However, during the postischemic recovery period, all three compounds significantly speeded the repo larization process (p < 0.005; Table 2 ), and the av erage value for normoxic voltage was attained within 20 min of reperfusion in treated animals.
pH changes. During the onset of ischemia, there was a brief decrease in hydrogen ion concentration in a substantial proportion of the cells from which records were obtained (Fig. 2) , in agreement with our earlier findings (Silver and . This change was of the order of 0.15 pH unit and began at 20-40 s into the ischemic phase. It lasted only for a further 15 s, when the pH started a fall that continued throughout the period of ischemia (Fig. 2) . At the end of 8-min ischemia, both internal and external pH had fallen below 6. 5. There was no consistent significant difference between the mean value of pHi and pHe' although the former tended to be more variable; in some neurons, values as low as 5. 6 were measured. Restitution of blood flow was followed immediately by a brief fall in both intra and extracellular pH, which was succeeded within 1 min by a rise (Fig. 2) . The parameters changed in parallel, although when the alterations were rapid, there was a phase difference, with lH+]e lagging behind changes in [H +]i by as much as 1 min. There was no continuing significant difference between the intra-and extracellular concentrations of pro tons at a particular site at any time during recovery. However, in comparison with changes in calcium and membrane potentials, normalization of [H+] took much longer, 60-120 min. Moreover, in some areas, presumably of persistent low blood flow (see above), both pHi and pHe remained more acidic, and even when the oxygenation improved (or nor malized), the low pH persisted in some of those regions for up to 4 h after preischemic P0 2 levels were restored.
An observation of possible significance was that during the recovery period, the pH status of a cell did not appear to be correlated obviously with its membrane potential. However, where a very high [H+]i persisted, this was almost always in a cell whose membrane potential did not return to near normal values. -63 .8 ± 6.4 (15) -63 .3 ± 5.7 (15) -64.9 ± 6.7 (II)
All recordings were made with glass microelectrodes. The values are means ± SD for the numbers of recordings at each time point shown in parentheses. Animals were pretreated as indicated in Materials and Methods with the compounds specified. The mean membrane potential of 267 cells in area CAl of hippocampus of normal anesthetized rats was -65 .8 ± 7.1 mY. All values at 10-min recovery and later were statistically significant (p < 0.001) when compared with their respective 0 time values. PBN, N-tert-butyl-ot phenylnitrone.
a Statistically significant (p < 0.005) when compared with control. Of the three drugs used in the study, none had any obvious effect on external or internal pH either in ischemia or during postischemic recovery. The values obtained were indistinguishable from those in controls (data that are not shown were collected in at least 17 animals for each drug treatment).
Postischemic changes in calcium, protons, and membrane potential in hippocampal area CA3
Changes in the levels of internal and external cal cium and protons and membrane voltages were also measured in the hippocampal area CA3 (Table 3 ; Fig. 3 ). At the end of 8-min ischemia, in 70-80% of cells from which recordings were obtained, intra cellular calcium increased to a mean value of -3.0 f.LM, transmembrane electrical potential was re duced to approximately -30 m V, while pHe and o 5 10 15 20 25 30 60 120 240 480
Minutes pHi fell to a mean of 6.32. In the remaining popu lation, the changes were smaller ([Ca 2 +t 1.0 f.LM; transmembrane electrical potential -48 mY), ex cept in the case of pH, where all cells behaved in a similar manner (Fig. 3) . During postischemic reperfusion, ion movements were swift and the original gradients of calcium to gether with membrane voltages were restored within 10-20 min (Table 3) . By contrast, pH took longer, almost 2 h, to recover (Fig. 3) . The signifi cant secondary increases in [Ca 2 +]i that were ob served in the CA 1 area after 2-4 h were absent in the CA3 region (cf . Tables 1 and 3) .
Pretreatment with nifedipine, MK-801 (Table 3) , and PBN (not shown) had no significant effect on either ischemic or postischemic levels of calcium, protons, or membrane potentials. 
All recordings were made with double-barreled ion-selective microelectrodes as given in Materials and Methods. The values are means ± SD for the numbers of recordings at each time point shown in parentheses. The measurements were made on control animals and on those pretreated with nifedipine as described. 
Minutes
The results presented in this study offer, to our best knowledge, the first detailed account of the behavior of intracellular calcium during recovery from a short-term hypoxic/ischemic insult to the mammalian CNS. To gain insight into the mecha nisms responsible for the ionic shifts, changes in [Ca 2 +]j were recorded together with those for oxy gen, [Ca 2 +]e' [H+]j, and [H+]e as well as trans membrane electrical potentials. To evaluate the rel ative importance of the possible pathways of cal cium entry into neurons during postischemic recovery, recordings were also made in animals pretreated with one of three compounds, the cal cium channel blocker nifedipine, the N-methyl-D aspartate (NMDA) receptor antagonist MK-801, and the free radical scavenger PBN.
Intracellular measurements with microelec trodes, by their very nature, record events that oc cur in individual cells. Since mammalian brain con tains billions of neurons, and the hippocampus alone many hundreds of thousands, the question arises as to what extent the findings reported in this type of study represent responses that are charac teristic for the majority of cells in their area. Two aspects in the experimental protocol were designed to ensure, so far as is possible, that this was so. The first was that recordings were made in a well defined microanatomical area and on a relatively homogeneous population of neurons, the great ma jority of which responded to ischemia with a similar pattern of changes. The second factor was the du ration of the ischemic insult. The 8-min period was short enough to ensure that all cells studied showed J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 complete, or nearly complete, early recovery of their ionic balances and that few, if any, died during ischemia and the subsequent 8 h of reperfusion. Thus, we feel reasonably confident that the quali tatively consistent responses obtained from two representative populations of neurons allow gener alizations to be made with respect to the behavior of the majority of hippocampal cells in those areas when exposed to the same adverse conditions.
Hippocampal blood flow and oxygen tension during postischemic reperfusion
Changes in blood flow observed in the current study, the early hyperemia and later instability of blood flow with local areas of hypoperfusion, are in agreement with findings and interpretations of pre vious investigators who used similar models (Pulsinelli et aI., 1982; Kagstrom et aI., 1983; Su zuki et aI., 1983a; Blomqvist et aI., 1984) . Likewise, alterations in tissue O 2 levels, an overshoot within seconds of reperfusion, areas of tension below the preischemic values, and oscillations larger than in normoxic brain, have been described before (Crockard et aI., 1976a, b; Nair et aI., 1987; Freund et aI., 1989) . The new observation in the current study was that larger than normal oscillations in local P0 2 extended beyond the immediate postisch emic interval and persisted in some individuals even 6-8 h after restoration of blood flow. Since tissue oxygen level represents a balance between the amount of gas delivered and the amount utilized by cells, our finding indicates that either local vasomo tor control or tissue metabolism or both had not recovered fully, even after several hours, from a short-term ischemic insult to the hippocampus. The fate of calcium in brain tissue during recov ery from periods of ischemia of 5-to 60-min dura tion has been studied extensively (Siemkowicz and Hansen, 1981; Yanagihara and McCall, 1982; Hoss mann et aI., 1983 Hoss mann et aI., , 1985 Dienel, 1984; Simon et aI. , 1984; Sakamoto et aI., 1986; Deshpande et aI. , 1987; Benveniste and Diemer, 1988; Martins et aI., 1988; Uematsu et aI. , 1988; Tsuda et aI. , 1989; Araki et aI. , 1990) . However, with very few exceptions (Siemkowicz and Hansen, 1981) , the techniques used, analyses of total calcium or measurements of radioactivity after administration of a radioactive tracer, allowed neither quantification of free cal cium nor distinction between its intra-and extracel lular concentrations. Nevertheless and in spite of some inconsistencies, the general picture that emerged from these studies is that following 5-10 min of ischemia, total calcium does not increase until after � 24--48 h of reperfusion (Deshpande et aI. , 1987; Martins et aI. , 1988) , whereas after longer periods of oxygen deprivation, 15-60 min, increases may be larger and/or occur earlier (Yanagihara and McCall, 1982; Hossmann et aI., 1983 Hossmann et aI., , 1985 Dienel, 1984) . This description is entirely consistent with the findings that after brief periods of O 2 depriva tion, the blood-brain barrier is not damaged (Ito et aI., 1976; Hansen et aI. , 1977; Siemkowicz, 1981; Murphy et aI. , 1986; Tai et aI., 1986) , and thus in dicates that movements of calcium are confined to their redistribution between the intra-and extracel lular compartments.
In contrast to these earlier studies, the current work allows quantitative evaluation of alterations in the concentrations of free calcium in the cytoplasm of hippocampal neurons and in their external envi ronment. The changes observed in the CAl region show a pattern with three key features: (a) a rapid recovery of internal and external calcium concen trations to their original preischemic levels, with normalization of [Ca 2 +]j preceding that of [Ca 2 +]e; (b) an enhancement of the rate of recovery of [Ca 2 +]j by nifedipine and PBN but not MK-801; (c) a secondary rise in [Ca 2 +]j beyond the level ob served in normoxic well-oxygenated tissue in a cer tain proportion of neurons, starting after �2 h of reperfusion.
A rapid fall in cytosolic calcium concomitant with its appearance in the external space indicates that mechanisms that extrude the cation from the cell predominate over pathways that allow its entry. In evaluating both types of mechanisms, it is impor tant to note that immediately after ischemia, the driving gradient for calcium ([Ca 2 +]e/[Ca 2 +]j) is substantially decreased. It can be calculated from the results in Table 1 that its value is only �20 at the end of the 8-min insult whereas it is >20,000 in normoxic (Silver and and recov ered (this work) tissue.
The mechanisms that lower [Ca 2 +]j in the cyto plasm include sequestration of the cation by endo plasmic reticulum and by mitochondria together with its extrusion across the plasma membrane via the Ca pump and Na/Ca exchanger (for reviews see Carafoli, 1987; Blaustein, 1988) . All four processes rely directly or indirectly on ATP, the synthesis of which is resumed as soon as oxygen reenters cells (Ljunggren et aI. , 1974b; Kobayashi et aI., 1977; Heffez and Passonneau, 1985; Hillered et aI., 1985; Horikawa et aI. , 1985; Nowak et aI., 1985; Onodera et aI. , 1986; Munekata and Hossmann, 1987; Ue matsu et aI. , 1988; Nishijima et aI., 1989) . Of the two sequestration mechanisms, calcium uptake by mitochondria is a high-capacity system with a rela tively high Km for the cation (Nicholls and Aker man, 1982) . Moreover, transport of calcium into these organelles is facilitated by the presence of phosphate because it allows accumulation as the calcium-phosphate salt (Lehninger, 1974) . The re sults presented here show that the mean concentra tion of cytoplasmic calcium at the end of ischemia in CAl neurons is � 30 fLM, well above the Km value for mitochondrial transport (Nicholls and Akerman, 1982) . Furthermore, almost complete hydrolysis of the high-energy phosphate compounds during isch emia (Ljunggren et aI., 1974a; Kobayashi et aI., 1977; Heffez and Passonneau, 1985; Hillered et aI. , 1985; Horikawa et aI. , 1985; Nowak et aI., 1985; Onodera et aI. , 1986; Munekata and Hossmann, 1987; Nishijima et aI. , 1989) raises the concentra tion of inorganic phosphate to 10 mM or more, thus creating very favorable conditions for loading mito chondria with calcium.
Consistent with the analysis above are the results of Simon et aI. (1984) , which describe the presence of dense calcium-pyroantimonate deposits in swol len mitochondria of pyramidal cells and hilar neu rons after a 30-min recovery from a 30-min ischemic insult. Similarly, Hossmann et a1. (1985) report an increase in mitochondrial calcium sequestration af ter 6--8 h of recirculation subsequent to 60 min of ischemia. Perhaps most relevant to our findings are the results of Dux et aI. (1987) , which show that after 5 and 15 min of reperfusion of a gerbil brain made ischemic for 5 min, calcium content of mito chondria increases (as estimated by oxalate-pyro antimonate electron cytochemical method), but then decreases at 30 min and returns to normal after 60 min of recirculation. The latter study helps to explain the apparently faster recovery of the cyto solic calcium as compared with its external level (Table 1) . The cation is taken up very rapidly by the mitochondria initially (the first 10-20 min), then gradually exits the organelles to normalize the ex ternal to internal calcium balance within 30-60 min. Our results are also in agreement with the earlier investigation of Siemkowicz and Hansen (1981) who noted that after 10 min of ischemia, external calcium concentration in cortex needed almost 30 min to regain its preischemic level.
One of the consequences of a rise in intramito chondrial calcium, the importance of which is diffi cult to assess at present, is activation of the Ca dependent intramitochondrial dehydrogenases, py ruvate, isocitrate, and 2-oxoglutarate (Denton and McCormack, 1990) . If free calcium concentration rises and activates the dehydrogenases, it would al Iow an increase in ATP synthesis independently of the changes in the adenine nucleotide levels (EreciIiska and Wilson, 1982; Erecinska and Silver, 1989) and thus augment the supply of energy for the very actively working neurons.
Of the two plasma membrane mechanisms that extrude calcium, the ATP-dependent pump is a low capacity system (Sanchez-Armass and Blaustein, 1987) , with high affinity not only for calcium but also for A TP (Michaelis et aI., 1983; Gill et aI., 1984) . Consequently, as soon as the concentration of ATP reaches �0.1 mM, the enzyme will acquire its maximal activity. It is also possible that the acidic environment that exists in the recovering tis sue will increase the pump activity because protons raise the V max for the enzyme (Dixon and Haynes, 1990) . The Na/Ca exchange, which is a high capacity system (Sanchez-Armass and Blaustein, 1987) and in neurons probablY quantitatively the most important mechanism for net elimination of calcium (Blaustein, 1988) , initially lags behind the other pathways for at least two reasons: (a) The driving force (i.e., the Na gradient and the mem brane electrical potential) is decreased (Hansen and Zeuthen, 1981;  this work); (b) a high concentration of protons inhibits the function of the protein itself (DiPolo and Beauge, 1988) . However, since the nor mal K and Na gradients are restored within 5-10 min of reperfusion (Siemkowicz and Hansen, 1981;  this work), the exchanger should resume its opera tion with little delay.
Calcium enters neurons via specific pathways (such as voltage-activated channels and receptor operated channels and under some circumstances through the reversal of the N a/Ca exchange) and J Cereb Blood Flow Metab, Vol. 12. No.5, 1992 nonspecific "leaks." By treating animals with drugs that selectively inhibit calcium entry through indi vidual routes, attempts were made to evaluate the quantitative contribution of each to calcium homeo stasis in the postischemic reperfusion period. The small, positive effect with nifedipine suggests that there is some calcium entry through the L-channels, which is consistent with findings of those investiga tors who have demonstrated improvement in either morphologic or functional recovery following ad ministration of dihydropyridines (Kazda and To wart, 1982; Steen et aI., 1983; Alps et aI., 1988; Jacewicz et aI., 1990a, b; Meyer et aI., 1990; Nuglisch et aI., 1990) ; but see Michenfelder and Milde (1987) and Stys et al. (1990) to the contrary. Our results are also consistent with observations that there is a high density of dihydropyridine bind ing sites in the hippocampus (Gould et aI., 1985; Skattebol and Triggle, 1987 ). An enhancement of the rate of recovery in [Ca 2 +t in animals treated with PBN is somewhat unexpected in view of the recent study by Lundgren et al. (1991) , which failed to detect any significant free radical formation, but confirms the results of Phillis and Clough-Helfman (1990) on the protective effect of this compound in reducing damage to the CAl hippocampal neurons. These latter results and our own indicate, therefore, that free radicals may cause subtle and early dam age to the plasma membrane.
The most surprising finding, in our view, is a complete lack of effect of MK-801 on the postisch emic recovery of [Ca 2 +l, although the compound markedly attenuates the rise during ischemia itself. The latter is consistent with the observation that extracellular concentrations of excitatory amino ac ids increase severalfold during periods of oxygen deprivation (Benveniste et aI., 1984; Drejer et aI., 1985; Hagberg et aI., 1985; Globus et aI., 1988; Korf et aI., 1988; Busto et aI., 1989; Phillis and Walter, 1989; Shimada et aI., 1989; Graham et aI., 1990; Pellegrini-Giampietro et aI., 1990; Andine et aI., 1991) and reach levels that activate postsynaptic re ceptors (Foster and Fagg, 1984) . Whether the inef fectiveness of MK-801 is caused by a rapid reuptake of glutamate and other excitatory amino acids into surrounding glia and neurons or whether the NMDA receptors that are re sponsible for calcium entry (MacDermott et aI., 1986) are inhibited by H+ (Giffard et aI., 1990; Tang et aI., 1990; Traynelis and Cull-Candy, 1990; Vyk licky et aI., 1990) cannot be answered by the present study . Notwithstanding the reason( s), our results demonstrate that activation of calcium entry through the NMDA receptor during postischemic recovery cannot be the mechanism of excessive stimulation of neurons, which is an essential factor in the excitotoxic models of cell death (Rothman and Olney, 1986; Choi, 1988; Choi and Rothman, 1990) . The same conclusion was reached by Buzsaki et ai. (1989) , who in contrast to earlier stud ies (Suzuki et aI., 1983b) found no evidence of in creased spontaneous or evoked neuronal activity in hippocampi of conscious rats recovering from a 30-min ischemic insult. Both sets of results are consistent with a lack of effect of MK-801 in im proving recovery in some models of complete ischemia (Michenfelder et aI., 1989; Lanier et aI., 1990) .
Secondary rises in [Ca 2 +]j, which occur in a cer tain proportion of the hippocampal CAl neurons, represent an interesting and potentially very impor tant finding. Although their magnitudes are small, it is possible that they could be greater in neurons of conscious animals, where cellular activity is not suppressed by co-existing barbiturate anesthesia. The pathway of calcium entry is not clear, but it does not appear to involve either the L-type volt age-dependent channels (no effect of nifedipine) or NMDA-type excitatory amino acid-activated chan nels (no effect of MK-801). On the other hand, some attenuation by PBN suggests that free radical dam age may be involved. Whether or not neurons that show secondary increases in [Ca 2 +l are those that are destined to die ("delayed" death) remains to be answered by future studies. If it proves to be so, our results appear to suggest that this late calcium entry is causally related to delayed neuronal death and not that it passively accompanies damage, because the vast majority of hippocampal neurons is mor phologically "normal" after 6-8 h of reflow follow ing ischemic insults of 5-10 min.
Membrane potential and H+ concentration during postischemic recovery of CAl hippocampal neurons Transmembrane electrical potential, which to a large extent reflects operation of the Na/K pump, returns to its original, normoxic level within 10-20 min (Table 2) , in agreement with the findings of Siemkowicz and Hansen (1981) that normalization of [K +]e in rat brain cortex, after 10 min of isch emia, requires �4-5 min. This suggests that the pump itself is not adversely affected, as indeed was deduced by MacMillan (1982) from a failure to de tect any inhibition of the Na,K-ATPase activity at various times of reperfusion after 30 min of O 2 dep rivation. However, all these data appear to be at variance with the study of Pylova et ai. (1989) , in which decreases were observed in the number of ouabain binding sites following ischemic insults as short as 5 min. To reconcile the two sets of results, one has to postulate that even under the conditions that exist during the early recovery period and are highly stimulatory to the Na/K pump (high internal sodium and high external potassium), the enzyme still operates far from its maximal capacity. This postulate is supported by recent calculations of Clausen et ai. (1991) .
Our study shows that during ischemia and post ischemic recovery, changes in pHe follow to a large extent those in pHj. Although [H+]j has not been measured previously in neurons during a short-term ischemia, our values agree well with those derived for total brain by the laboratory of Siesjo and based on calculation from the measured concentration of CO 2 and bicarbonate (e.g., Mabe et aI., 1983; Von Hanwehr et aI., 1986) . The behavior of pH during recovery shows two interesting features. The first is that [H +], both internal and external, takes longer to recover than either calcium or membrane poten tial. That the tissue pH takes a relatively long time to normalize was also noted in similar models using nuclear magnetic resonance (Nishijima et aI., 1989) and pH-sensitive dyes (Munekata and Hossmann, 1987) . Since the key proton-producing reaction in most cells is ATP hydrolysis, while the main con sumer is ATP synthesis (Krebs et aI., 1975; Alberti and Cuthbert, 1982; Hochachka and Mommsen, 1983; Busa and Nuccitelli, 1984) , the slow recovery of pH may indicate that in the early postischemic reperfusion period, A TP breakdown predominates over its generation.
The second interesting feature of the behavior of pH is its initial fall after reintroduction of oxygen. Behar et al. (1989) made a similar observation (a drop of 0.3 pH unit) although after 60 min of isch emia. Close agreement between findings obtained with two independent methods indicates that they are unlikely to be experimental artifacts. Moreover, the phenomenon is consistent with the suggestion in the previous paragraph, because during early post ischemic recovery, the imbalance between the rate of A TP breakdown and its synthesis may be partic ularly large and thus lead to excess proton produc tion. Slow recovery of pH and persistence of in creased H + production might have important con sequences for several aspects of neuronal function, including effects on channels, receptors, and en zymes. Detailed discussion of these influences is, however, beyond the scope of the present work. Nevertheless, it may be important to mention that there is some evidence from in vitro studies (Tom baugh and Sapolsky, 1990 ) that mild acidosis pro tects hippocampal neurons from injury induced by oxygen and glucose deprivation. Whether a similar effect occurs in vivo is not known at present.
